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.-THE CRAB NEBULA

ANCIENT HISTORY AND RECLNT. DISLOVERIES

I.

| The Chinese andNJapanese chronicles for the year 1054
.of the Chrlstlan era reglstered the sudden appearance 1n
| the constellatlon of Taurus of a new star -'a guest star" -
of extraordlnary brlghtness, whlch gradually faded away untlli
some two yearsvlater, 1t was no longer v151ble.v‘} |

.Centuries went by, and hardly anyone was_aware_of.thisf.
eventiwhen, in‘i77l,‘the French‘astronomer Messierfcoﬁpiled
a catalogue'of,all‘known comet-like objectsf(nebuiae-and'
cluSters) that appearedﬂto occupy fixed positions'in‘the sky.
'The first item on his'liSti(Ml)'was a nebula.in.the'constel-"
Vflatlon of Taurus, about 4 arc minutes across, whose ex1stonce
had been known for about 40 vears._ During the follow1ng |
hpdetades thls nebula was observed repeatedly w1th 1mproved |
telescopes."In 1848 the shape of the object suggested to the'

BritiSh.astronomer Lord Ross the name of Crab Nebula,-whlch;

~ has been since'generaily accepted;

The next event of cruC1al 1mportance for the present
'story was the detectlon at a. Baltlc observatory, 1n 1885 ofhd-d
an exceedlngly brlght star in the Andromeda.galaxy, hat_was'
vthe.resuit 6f a sudden flare up.,fIn_the‘subsequentNYéars,tg

number of similar stellar outbursts were observed in external



»

galaxies.' In some cases the brightness of the "new" ‘star

was'comparable to. or even greater thah the total brightness_-'
- of the galaxy‘before the outburst. By l920,-it had\become E
generallv accepted that‘these extraOrdinary outbursts were - 3
not limiting cases of ordlnary novae, but were to be regarded~ . ﬁ;‘
as an entlrely different class of astronomlcal e'ents. ;Slnceil‘ i

the late thrrtles,these-events~haverbeen known as supernovae.‘

[3

- The discovery of supernovae.in.externa} galaxies stimu-
lated’the‘interest'of astronomers in,the historical records ot,"
,eventS'that might‘be ihterpretedasusupernovae outbursts within“
our own galaxy,'and prompted'them to search.for celestial'
objects that might be regarded as remnants of these outbursts.

In the early twentles astronomers.notloed the c01nc1dence 3 ﬁ"
.becween the position of the Crab Neb”la and the posrtlon of

; the »"guest star"of 1054, as- could be oeduced frOm the descrlp—
‘tlons contalned 1n the orlental chronlclesr They also dlscovered
that the angular dlmen51ons of the Crab Nebula were gradually
1ncrea51ng.' Under the. assumptlon that the nebtla had orlglnated
;trom a p01nt—11ke object and had undergone uniform expan51on
51nce‘1ts.b1rth :lt was poss1ble to compute Jtsﬁage, whlch turned :
fout'to‘be close to the tlme‘elapsed slnce'the appearance of‘the'
Jgueét- star.? On the basxs of these results Hubble, in’l928,

Suggested that thlS event had been a supernova ou burst, and

“'f;that the Crab;Nebula was 1ts'remnant.



In the following years the very powerful optical,tele-;vy'
scopes which'byvthen had become available mere appliedutoha
systematic study of the‘Crab, lt'was found that-this'objectg
consisted of an "amorphous mass”, in which long and thin
"filaments" were embedded. The light from the "amorphous

mass" (Wthh accounted for over 90 percent of the whole optlcal

- emissmon from the'Crab) had a continucus featureless spectrum.

.In the. llght from the fllaments,‘on the other nand " the llnes'

of the known elements (espetlally the Ho llne of hydrogen) -

- appeared promlnently (see Flg. l)

" The spectral llnes of 1nd1v1dual fllaments were obServed

to exhlblt Doppler ShlftS, whlch were 1nterpreted as due to

"the expan51on of the nebula., From thls effect the radlal

-

‘rcomponent of. the velotl y f eApan51o .wa S f nd to be a llttle

over 1000 km/sec.J ThlS result together Wlth the observed rate

of 1ncrease of the angular radlus (Q.Zl arc seconds per year)'

:;prov1ded an estlmate of 5000 llght years for the dlstance of

“

'the Crab Nebula, under the assumptlon that the veloc1t1es of

‘eXpan51on along the line of 51ght and perpendlcularly to it *

were 1dent1cal (However, 1t 1s now belleved that the expan-r‘

L3

" sion may not be exactly 1sotroplc, and consequently that the |
~above estlmate of the dlstance may be 1n error by some 20

;percent, probably on the low 51de )

In the meantlme theoretlcal 1deas pertlnent to the super—'

<nova phenomenon began-to emergt. Already 1n 1939 Obpenhelmer

vand hls collaborators addressed themselves to the problem of



what happens when.the nuclear fuel in the central part of a‘
_'spar is nearly exhausted so that the pressure of the radi-
-ation generated by the nuclear}reactlons can no longer balance‘
the forces of gravrtatlonal attractlon. They found that,
dependlng on 1ts mass, the star will collapse elther lnto

ia wnlte dwarf", or 1nto R - lump of nuclear
fmatter,»i e., a'"neutron star" ¢ Accordlng to present views,
pr;or to the final collapse,‘part of the stellar mass is blown

(TP

out Lnto space, perhaps becgu e of fhe sudden 1gn1tlom oi the

':remalnlng nuclear fuel Thls outburst manlfests ltsell as a
,supernova, and the ejected matter torms the cloud late1 found
at the locatlon of the outburst

By then, astlonomers/had dlscovered'two falnt stars near
the center of the Cr rab Nebula, and had sungested that. elther'>'

,of them mlght be the reSLdual condensed object of thevsupernova;"

T exp1051on of 1054. However "while one of these stars had an

'entlrely normal" spectrum, the other (known to the astronomers'

. as the south precedlng star) was found" to haVe a featureless

'spectrum, culte dlfferent from the spectra of ordlnary stars.
}Furthermore, for some tlme astronomers had been- observ1ng
Lcertain pecullar rlpples i whlch traveled:throughpthe cloud
at enormous'speedl(aboutul/lo-the‘speed‘ofbllght)d Carmful
‘ﬁ:measurements showed +hat the vector veloc1t1es of these rlpples
iuwere dlrected away fxom the south precedl q star. For both

: these reasonsrBaade and Mlnkow ky 1n 1942 concluued that thlS



object rather than “the other member of ‘the doublet should be

1dent1f1ed as the supernova remnant.

IT.
Astronomical research-in‘the yearszollowing'thefend of .

ijthe second world war was domlnated by the almost explos1ve
i ..,].

pudevelOpment of radlo astronomy One‘of the flrst dlscrete
radlo sources to be 1dent1f1ed w1th an optlcal object was the'
"Crab Nebula (Bolton et al., 1949) | |
| The dlscovery of the radlo em1551on of the Crab brought f

D

- to a sharper focus the problem of the orlgln ot the radlatlon”

7

-h

from thls ObjectuWthh had puzzled astronomers for several
r,years}~ lndeed, whlle 1t had been found very dlfflcult tov
iexplaln\-he shape and the 1nten51ty of the optlcal contlnuum _
1n terms o& thermal plocesses (the only celestlal radlatlon
processes well understood at the tlme), ln no way could pro— -
?cesses of thlS klnd account for the strong radlo 51gnals. |

The solutlon of the problem came ln the early flftles‘7

fwhen Shnlovsky suggestod that both the radlo em1551on and the_"

*:optlcal contlnuum were, due to the same, non—therma1 process,g o

’La proceSs to be 1dent1f1ed w1th the so called synchrotron .-“

'f.effect\ 1 e., the em1951on of electromagnetlc radlatlon by
oo ) rl '
Vﬁhlghly relat1v1stlc elec rons travellng 1n a magnetlc fleld

il



Ky

}(Shklovsky, 1953); .Unlike‘thermal radiation; synchrotron.
Aradiation ls linearly polariged;' Although it was difficult
‘to predict‘Whether or'not a polarization might actually be
ohservable (sinCe in,the.caSeuof a source of\finite dimensions
the net effect depends on the degree of randomness of the.’
magnetlc fleld), Shklovsky S suggestlon prompted astronomers
to search for a polarrzatlon of the optical continuum of the”
Crab. The p051t1ve results of these observatlons; and the.
?detectlon, some time later,'of a similar polarlzatlon in the o
"radlo\hand of the spectrum, have been generally accepted'as a.
‘ZCru01al test of the synchrotron hypothesrs .Today, of course ,
the synchrotron process is known to play a major role 1n‘many
'astrophy51cal phenomena But it is. woxrth notlng that 1t was
in the Cx rab Nebula thatlthe occurrence -of this process on a'
,Cosmlc scale wasvflrst establlshed | |
f‘;SynChrotron em1551on extendlng 1nto the optlcal band
.nimplies that'the Crab Nebula is perneated by a magnetlc fleld
'(of an estlmated strength between lO 4_and lO -3 gauss) and
»‘contalns electrons w1th energles extendlng up to at least
"”lolz.ev, Varlous suggestlons about the orlgln of these electrons
'rwere put forward (although none ‘was. worked out quantltatlvely
”'1nto a theory) - High energy elec ons nlght have been left overh
from the orlglnal exp1051on, or they mlght bc ewected contln-'&'v

Fuously from the central star, or they mlght be accelerated Whlle"

mov1ng through the cloud by some. sort of Ferml type process



Whatevexr mechaniSm‘was responsible for the acceleration of
'electrons,’it'was thought that the-same‘meChanism would alse

| acceleratefprotons,andzheavier nuclei.  While the eiectrons

lost ‘their energy (ox most of it)'within the cloud‘by synchro-
tron emlss1on, protons and heav1er nuclei (for whlch synchrotron
losses are negligible) would escape 1nto 1nterstellar space |
without appre01ab1e energy loss, and would thus contribute to
.the galactlc cosmlcwray‘flux., In fatt, 1t was argued that all
galaCtic cosmic’rays‘may originate from supernbvae, being pro-

ducedbprimarily at the time of the7initial'outbur8t,3

~ III.

1inﬁl962 ‘the discOVery of‘surprisinqu stﬁong celestial
sources of anays —llncludxng both localaaed sources and a
"'dAEfuse background (Glacconl et al., 1962)‘— opened up the new

‘“fleld of X—ray astroﬁomyA X—rays,‘of course, can only be

d:observed at Very hlgh altltudes, because,of ‘their strong absorp—
f‘tlon in the‘atmosphere. Most offﬂuaresults avallable to this |
date have been obtarned by means: of rockets althouqh balloons
have made lmportant contrlbutlons to the study of the "hard"
“component\of the X"ray flux. The second X ray rocket flown 1n_
yOctober 1962 (Gursky et al 1963) already gave some tentatlv

ylndlcatlon of an X—ray source in the general dlrectlon of the

'nﬂ'Crab Nebula The foﬂlow1ng Sprlng a rodket equlpped w1th )
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detector oE 1mproved angular xesolutlon establlehed the.fh
""" '$x1etonte of an X ray source wmthln a. few degrees of the-
aCrab (BOWyer et,al., 1964a) . (The crucma;;proof that +this
‘soutoe wag ihdeed coincideh* With the‘Crah came in the eumﬁer
of 1964 when a rocket floWn darlng an ecllpse of the Crab by
. the moon showed the almultaneous dlsappearance of the h~ray .
and of the-optlcal,flux (Bowyer,gt al., l964b}; The 1dent1~
iioatith was gonfirhed ;h 1967 by meane:ofva collimator:of
_very fine'angular reeoiution, Which measureﬂlboth angﬁiatA‘n
coordlnates OJthL X ray source w1th a prec1510n of about 20"
(Oda gt éi*' 1967) |
| The fesults of the-1964'an5 1967 observatione,ate’eum*'
mariéed in Fig. 2. . They agree ln shiowing that, Within‘the
observatlonal uncertalntles, the center o'~the AwraY’soutce’
is POlnCldent w1th ‘the center of the v151ble nebula 'More~
ovef both experlmentb 1pdlcate that the X- ray source is noti
'polnt llﬁC, out has an anqular dlameter of about 100" (i e.}_"”
’of the‘same order as that ofvthe VlSlble-nebula, although
.perhaps somewhat smaller) o |
Since rtsvdl covery, the’ X—ray source in’ the Crab has-h
,been the objectvof many'observatlone;' In reportlng the

)

'~erUlto cf theee observatlons, it may\be 1nstruct1ve to com—:"'
fpare +hem w1th those concernlng another strong X ray source,'
Sco X—l whlch has also been exten51vely 1nvest1gate&' Unllke

the Crab,-oto K- l had not been recognlzed by the astronomers

as a pecullar celestlal-objegt\before lts‘dlscovery_as'an~X—ray t



.emitter. Subsequentlv 1t washldentlfled with a falnt star of f
unusual spectral characterlstlcs (Sandage et al«, 1966) ; Agaln
';unllke the Crab “8co X-l appears p01nt—llke (to the llmlt of
‘the resolutlon achleved sO far) both in the optlcalpand,lnvthe :
: X~ray band; | |

The‘X—ray emisSion from the Crab‘ as well"as'itslight
’}emrssron, were found to be nearly constant in' tlme, atbleast
when‘averaged over. perlods of seconds (Sco X—l n the contrary,

“was found to be hlthy varlable both in the/ 3rwand 1n the{d.

\
!

, ﬂﬂrj', ‘
In the X—ray band the spectral functlon of the Crab

' Optlcal bands)
(energy flux per unlt 1nterval of photon energy) was found to
_follow closely a power law w1th exponent close to unlty from |
.thv# l keV to hv- 100 er (The X~ ray =petter of Sco X~ l
| has a’ Very dlfferent shape, being represented approx1mately
7by an eyponentlal functlon, s1m11ar to that expected from. a
'thermal optlcally thln source at about 5 x 107- ‘This
_1mplles ‘that the spectrum of Sco X- l is much "softer thanvthat)"
bof the,Crab, 1ndeed whlle Sco X l 1s‘about 10 tlmes brlghtel
4than the Crab at photon energles of the order of- 5 Lev the h_
Crab becomes brlghter than Sco X at photon-energles,abover
about 30 kev ) | | | | |
: A log—log plot of measurements in the radlo, vrsnble,A

| ultravrolet and Xuray bands_suggests thatrthe whole electrofh

| maonetlcfspectrum)of_the.Crab_may;be described;byha single,v

smooth function.  This has been taken as an argument in favor



of a common origin\(r.e., synchrotrcn radiation) for the
eutire‘spectrumu. Althcugh'not yet definitely;proven;.the_
_assumptionvcf‘a synchrotron origin for X-ray spectrum of
the Crab is accepted by‘most'scientists; to a large extent'
because of the difficulty of finding a more likely alter-‘
vtrnatiVe. The only other process~that has beeu considered
'Seriously.is thermal radiationlfrcm a”hot, optically thin
p‘plasma clcud.Z,As already.noted, if the Cloudjis atpa uniform
temperature, this process gives rise to an exponential,spec_
trum,_i,eu,‘a spectrum more similar to that 5f_ Scon—l.than
to that of the Crab. Of course, if the plasma‘temperature
varles from pornt to point, as it may mell doc in the Crab
'Nebula, the X- ray spectrum Wlll be a 'sum of . exponcntlals whlch
- might concelvably'51mulate a;power‘law overua,llmlted range .
of photon\energies.‘ HoweVer, beyoud-a pﬁoton‘energypcorree"
spondlng to the temperature of ?he hottest’regicn,<the spectrum
'should drOp sharply . Therefore the p0551b111ty of
’a‘thermar radlatlon process became 1ncrea51ngly remote as
pectral measurements were extended to hlgher and hlgher
,;energles and falled to detect any cut-off. | “
Wlth the magnetlc flelds that supposedly exist ln the'
‘>Crab .uynchrotron emission in the X~ ray band requlres electronm
enerqles of the order of lOlé'ev,, It»lS wcrth noting that for
these very energetlc electrons the synchrotron process is |
‘“'exceedlngly efFectlve.' Comsequently the ejectrons lose energyl

‘at a very tast rate, Wthh appears to rule out the poss 1bllltj



that they might have originated from thevinitia} explosion.

- At this poiht it~may be useful to quote some figures.

The X- ray flux from the Crab Nebwula, in the spectral band
from hy = 1 kev to hy = lOO keV, amounts to about 7 x 10“8
' erg/omz-seo at the earth. Taking the distance of the Crab as
5000 l.y,, its Xéray emission turns out to be about 2 X 1037
erg/sec, i;ef, about 5000 times the total emission of the Sun
in all anelengths The em1s51on in the optlcal band is about
1/4 and the emission in the radio band. (A > 3 cm) is about |
' 1/1000 of the X—ray emission. (For Sco X-1, the correspondlng

figures are about 1/1000 and about 2 x 10 8.)

i
<

We now come to the very recent deve*opments of astro—
nomioal research and here agaln we find that the Crab Nebula
occupies a central pos1tlon 1n the new dlSCOVerles.

| ~Early 1n,¢968, Hew1sh and his co- worﬁers ahnouhced the
discovery‘of puisatlng radlo_sources,‘orvgulsags (Hew15h
.;EE §l°?’l968)° 4At,the’end of.that year,.someiZSloulsars~uete
'vkhown,'with periods\ranqiné frgm}about 2'seo{ to about‘i/30 of -
a second. Of these, only two had been ldentlfled with pre—
v1ousl} known celeStlal ObjeCtS, both.of them supernova remnantsr
One of them was Vela X (Large et al., 1968), the other was the

Crab Nebula (btaelln et al., 1968). ‘The pulsar in Vela X had
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a period of about 89 ms, that in the Crab (knoWn.also as
NP 0532) had a period of‘about 33 ms, the shortest among all
known pulsars | | o |

The perlods of the "slow" pulsars were found to be
remarkably constant'(for some of them- it was establlsheé that
‘ tbe rate of changevwas less than onée part in lO, per year).
The periods ef the "fastllpulsars‘in Vela X and the Crab; on
the other'hand;wwere found to increase very,slewly. For the
Crab{ the rate of7increase,amounts tb one part in 2400 per
year.* |

In January 1969 another 1mportant dlscovery took place,
with the detectlon, in the Crab Nebula, of the flrst and thus
far the only'dptical pulsar‘(ceeke et él,, 1969)° The period:
: ef'the obtical pulsations was found-to‘be ekactly identiéal"
te that of the radio pulsations,Wthh broved beyond any.
reasonable doubt that.the radio and the optical pulSars were’
the'same object (althoughv of course, the radlatlons belonglng‘
to tbe two spectral bands may come from dlfferent reglons of
this object). Prec1se determlnatlons of its p051t10n showed
that tne pulsating star 1s the south preced1ng member of the
doublet found near thezcentervef theuCrab (Lynds g: al., l969),»
and thus éontirmed unequiueCallyAthefprevious‘tentative

i
!7

In the case of Vela X, the gradual 1ncrease of the perlod o

*

was 1nterrupted between February 4 and March 3y 1969 by a
."sudden decrease of -two parts in one mllllon (Radhakrlshnan |
et al., 1969; Reichley et al., -1969).
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identificatlon of.this star as the condensedvresiduw of_the
"supernota exploSion A fnrther dramatic:verification of this
result came trom a series of photographs taken through the
' slots of a rotatlng\dlsk Wthh showed that the brlghtness .
.of the south,precedrng‘star changed periodically between-a
maximum and;practlcally total eXtinctiOntnhen.the tihe.betweeni
successite "open" intervals Was nearly‘equal to the period of
_theapulsations (see Fig;’3).‘ B |

Quite naturally, the dlscovery of the optlcal pulsar in
the Crab suggested a search for a pulsatlng component in the

X-ray emission of the same ob;ect. Durlng the month of Aprll

1969; tﬁo rockets provided with detectorS»sens1t1Ve to "Foft"_

X-rays (photon energies of SeVeral keV) were launched'for this _“

purpose, the first by the NRL grodp (Fritg et al., 1969), the

. A\
did in fact, detect the expected pulsatlons\w1th a perlod

second by the'MIT'group CBradt’et,al.,'l96%) ”Both experiments
‘ exactly equal to that of the radlo and of the optlcal pul
‘tions (33 099522 ms at the time of the MIT fllght)

' Flnally, a recent analysxs of balloon data obtalned in
1967 revealed that also the "harm" x-ray flux of the Crab
(photon enerqles greater than .about 35 keV) contalns a
pulsatlng component (Flshman et al., 1969) A balloon fllght
,'carrled out 1n May 1969 confirmed this result and provrded |

: quantltatlve 1nformatlon on the 51ze and shape of the ptlses

(Floyd et al., 1969).
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‘Ekamples of the'pﬁlse.shapes”observéd in different

}speétral bands appear in Figs. 4 through 7. Shown in-eaqh
case is the'timé dependencé of the»radiation flux during one
Qeribd, ayeragéd over a_large nuﬁber of perioas.

.One sees that, at all’Waveleﬁéths; éaéh bulse contains
two peéké, separated by é time interval slightly léés than
one‘halﬁ‘périod,f_ln‘the:optical anﬁ‘in théAxuray bands, Ehe
- shape of the pulses appéaré té bé,quite constant. In the .
,rédié band,‘however, the pulse‘éhapq,varies gréatly from
pulse to pulse,’and uvén avg;aginé.dver thousands of pulses'
&Qes not fesﬁlﬁ‘in é.stable ﬁattern."It'haS»been pointed out
that £ﬁi$ instability méy be due,¥ét leést>in'part, to refrac-
tion df}radio WéVes, poséibly'in:the'ioniéed gaées'within the

‘nébula itself (Sheuer, 1968; Slee et al., 1968). This inter-
A pretatioq‘is consistent with the observed étébi;ity éf the
-obtical and of the X-ray pulses bgcause refraétion effects
'jdecrease'rapidly'with detreaéing wavelengfhsL'

| Théﬁe is évidence thét'at ail:wayelenéths=the fadiation‘
level between tﬁe_fifSu and the'secbnd'peak‘is,soméwhaﬁyhiéher_
than the'fadiatiqn level_dfter<thé:sécdﬁd peak. - We shail“
.take‘the‘View fhaﬁ thi;:lowesﬁ'iévei of'fadi;tion.;épresehts -
~the steady,éﬁiSéion.of thé'nebulaQ In othercwords. we_shall.
aésumé that thexemissidn of'the pulsar,actﬁally dro§s to -zero
_during-éachupériod. (Sﬁrobéscopic picturés'sﬁchlas'thosé
sﬂoWn_in Fig; 3 tend to‘Suppoft»this'assumptibh,_but do not

-
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'prove that it 'is rigorously cotrect.)‘ By taking the lowest
radiation level as”theAzero line, we can then Separate the'
pulsating component of theradiation originating ﬁtoﬁ the
pulSar,'fromrthe steady component originating from‘the-nebnla..
Observations show that the ratlo between the power in -
tne pulsating mode and the power in the steady mode varlec by
a very larqe,factor over the Speotrum,  In;the_radio and in
the optioal bands this’ratio‘amounts to only several parts'in"
_one thdusandl in the "soft" X-ray bandhit,reaches the value
of about 9 petcent'andvin the "hard" X-tay-band it'seems to
be higher still."From these‘results‘and from the Specttal
data'onithevtotal emiésion‘ot“the‘Crab reported.previousiy.
it'follows‘that all but‘a’minuteffraction (perhaPS”iess than‘
'_one percent\ of the radiation from the pulsar is in Lhc tormv
ofWXerays,' ThlS object then, may be properly descrlbed as

~an X-ray pulsar,

The pulsesiobserved in theoobgical“andhthe»X~rav bands(
whlle very dlfferent in thelr size relatlve to the steady
.component have strlklnoly SLmllar shapes.‘ "In both spectrali
vbands, one of the two peaks observed durlng each perlod has‘
-a width of about l 5 ms, and the other has a width of abont._

3.5 ms.* Within the experiméntal_erfors,the'separation.Of

However, one. should note that the observed width of. the
narrow X-ray peak is not much greater than the tlme resolutlon

of the instrument.



the'twooeaks is the same (about l3;5 ms). ln thevexperimentv
by Bradt and hiS»conorkers fsee Fig. 6) recording:of time.}
. slgnals from the WWV radlo station during the rocket fllght
| made 1t possxble to correlate the X= ray observatlons w1th
Optlcal observatlons carrled out, W1th1n a few hours of the
fllght, at the’ McDonald Observatory and at the Palomar Observa—-
» tory It was thus shown that the narrow peaks in the X—ray
~and in, the optlcal bands are 51multaneous wrthln l ms.
The~greatrvar1ab1lrty of the radlo pulses denleS‘the
possibility of a'detallea'combarison of"their’shape uith that
of. the optlcal and radlo pulses.l Furthermore, the Wavelencth o
.dependent delay of the radlo pulses . due to dlsper51on in the
;rnterstellar medlum makes 1t dlfflcult to establlsh an exact
time correlatlon‘between-theﬁladlo peaks and the Optlcal peaks.f
yAll one ‘can say on ‘the ba51s of publlshed reports 1s that the
peaks in the radlo and 0pt1cal bands are srmultaneous; w1th |
an uncertalnty of about 6 ms, due almost entlrely to the lnter-.

: stellar drspers;on (Conklln et al., 1969)

A reliable theoreticalvinterpretation of the.observaw
e_tlonal data that have been descrlbed above 1s Stlll lacklng

From these data, however, there beglns to emerge a model
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which,"although tentatlve and-incomplete; may be worth
dlscusslng M R | | o o
| When pulsars were first dlscovered two dlfferent kinds

of models were suggested to a0count for thelr equally spaced
slgnals; i.e., (a) v1bratlonal models and (b) rotatlonal ’
.models._ The v1bratlng or rotatlng star was thought to be
:either’(a) a whlte dwarf or (b) a neutron star. Whlle 1t was
‘dlftlcult to - dlscrlmlnate between these various p0551b111+1es
'as long as only pulsars W1th perlods of the order of a second
: were known, the dlscovery of pulsars w1th perlods of less. |
than_O.llsec@.practlcally ellmlnated‘all_ch01ces but one..'a
Since vthe'freeioscillations of}whitewdwarfs1have'periods.
con51derably longer than 0 1. sec, sinCe‘white‘dwarfsvcannott
‘rotate at lO revolutlonc ;er second or more w1thout belng
dlsrupted 51nce the\Free 0501llat10ns of a neutron star are'
belleved to be rapldly damped through the productlon of grav1—_
tatlonal waves,'lt became practlcally certaln that pulsars

(or at least the "fast" pulsars such as that 1n the Crab Nebula)
.were rotatlng neutron stars.

) We can estlmate the klnetlc energy of rotatlon, E, ofAthe
pulsar in the Crab by assumlng that fts mass 1s of the order);'

I
j‘of one solar mass (-~ 2 x 10339) and by taklng the conventlonal
A-avalue of 10 km for 1ts radlus : Wlth»the observed angular:-i'

‘veloc1ty of 2r X 30 l90 sec l-w'e'vo};)ta‘i;rl

E z'l.4~3 1049’ergi



From- thlS flgure and. from the observed rate of increase of

‘the period it follows that the pulsa loses rotatlonal energy

at the rate

o 1a38 -l
- 3.? x'10 erg'sec

- From the data reported previouSlylwevmay estimate'the ‘total

.energy of the. electromagnetlc radlatlon of all frequencles

emltted by the Crab Nebula to be several times lO37 erg sec*1:

It seems llkely that an,amount of energy, perhaps of thefsame

~order of magnitude, may be spent by the'Crab Nebulafin’the

production ofhbosmiclrays, Thus, within the\large'uncertaintiesl’

of the present‘estimates,.— dE/dt‘ appears to be remarkably

'c1ose to the total energy output of the Crab Nebula, whlch

Ly

_naturally suggests that this energy 1s supplled the gradual
slowrng_down ofﬁthegrotatlng‘neutron'star at the center of the
 Crab (Gold, ‘1969* Finzf.et'al', 19675) . An‘adaitionalljustifi-
'catlon for acceptlng this suggestlon as a worklng hypothe51s
in the formulatlon of our model may be’ found in the . fact that

prevmously 1t had been necessary to resort to. ad hoc assumptlons

in order to account for the energy storage in the Crab Nebula,
It appea*s natural to 1nterpret the pulsatlng s1gnals'

recelved from a rotatlng obJect as due to a llght—house effect

_(Gold 1968) As another worklng hypothe51s, we shall therefore
assun; that the electromagnetlc radlatlon from a neutron star 15

.,fconflned to one or MOre narrow oeams; whlch sweep past the



-on the earth would be 5 percent_or less. Thas it appoars-‘

N

)

. Observer as'they corotate with the star. In the case of the

‘Crab, there would be:twoﬂsuch beams. The narrow principal

peak requires a beam whose angular width in the direction.
perpendicutar to axis of rotation is at most 2m/20 (less lf

the ax1s of rotatlon is not perpendlcular to the line of

_51ght) If this beam were in the shape of a circular cone,

the a prlorl probablllty of its belng detected by an observer'

K

freasonable to assume thatvthe‘beam responsible for‘the principal

narrow peak and by inference, also the beam responsible for

 the secondary w1der peak, are fan- shaped In the’ s1mplest model, @:'M

A

pthe nedlan planes of the two "fans" are nearly, but not qulte,,

at 180° to one another, and 1ntersect alongrthe axis of rotatmon:’

f,of the pulsar. ,However, other geometries arejoompatible with .

the observatlons.,‘

The emlsslon of the radlatlon Jnto dlscrete beams 1mp11es

i

an a21muthal anlsotxopy in the structure of the pulsar w1th

'respect to 1ts spln & 1s The tabllltv of the beams as observed

in the v151ble and X—lay bands is more ea51ly understandable 1f

’the anlsotropy is due to a magnetlzatlon of the pulsar rathex o
than to'"hot spots" or other pecullarlc1es in a plasma atmos-

]phere of the pulsar, as’ had been suggested when only radlo

3

observatlonsvwere avallable (Gold 1968) | 4should be noted

//

'Jthat-thehGOllapse of a star w1th a moderate "magnetic fleld w:ll

"~'1ndeed, resultsin a neutron star w1th exceedlngly 1arge magne--

tlzetlon, even.if'only a minor fractlon of the orlglnal magnetlc



flux is '‘conserved:. (For a star similar to the Sun, one

hundred percent'flux conservation would give rise to fields

9

of the ordér of 10° gauss at the surface of the neutron star;

field strengths up'to 1013 gauss have been mentioneduaSua

]

pbssibility ) It thus appears reasonable to further specrfv
our model by assumlng that the neutron star is strongly mag—'

‘netaaeu, and that the maqnetlzatlon is not ax1ally qymmetrlc f

»

with respec ' to the spin axis. .

[

We now come to the problem of the proceSses resp0151ble

for)the steady component of tne . dlatlon ﬁorlglnatrng fromvthe

nebula) and of theé pulsating com1 nent'(origiﬁating from‘the
neutron star) Wlth regard to. the formerk\assalready notedeWe

know for sure that the contlnuous spectrum\\xtendlng from the o

e .
‘radio waves to the ultravrolet is dne to a: synchrotron effectf

_and we have good reasons to belleve that the same effect 1s alsowf

LesponSLble for the X—ray em1551on,'wh1ch means that Lhe bula.

contalns electrons w1th energles up to at least 1014 ev;

<

_Accordlng to our model these electrons derlve thelrvenergy

from the klnetlc energy of rotatlon of the neutron star. We ' \ '\\\*\
'may tnlnk of a dlrect process, whcreby the electrons are nccel-

rerated by the stronq tlme varylng electromagnetlc Fleld that

-

ex1sts in 1mmed1ate nelghborhood of the star, and are then
: R
"1n]ected into the surroundlng magnetlzed plasma cloud Alter—

'nately, we may thlnk of an 1nd1rect acceleratlon mechanlsm,

iJe we may assume bhaL the rotatlng neutron star loses energy
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" to the cloud glVlng rlse to dlsturbances (in the form of

waves or shocks), Whlch then, through a Ferml type stochastlc -
interaction w1th the electrons in the cloud supply the energy
Ladlated via . the synchrotron process.

An analysis of the stochastic acceleration process (for

_exampledon the basis'of a model‘based on thehinteraction'

. between Alfvén waves andhindividual,electrons;ysee Manley et al.,

=

1969) shows that the hlgh eff101ency necded to maintain the

‘.requlred eleCtron spectrum can be achleved only under rather ex-

‘ln the weak Fleld of the nebula.

'treme'c1reumstances. -On,the other hand, ‘no quantltatlve treat—

ment of the elrect acceleratlon process has yet been developed
"~ that

- In thls connectlon one should keep in mlnd/the electrons will

lose energy by'synchrotron radlatlon even as they are accel-

i

)

" erated; and that the synchrotron losses are prOportional_to the

)

square of the magnetic field'and to the.square of the energy

wTherefore 1t is . ‘not easy to flgure out how electrons can emerge

from the reglon of strong magnetlc fleld surroundlng thc neutron

star Wlth the enormous energy tney need to radlate X-ray photonc_
. Let us con51der next the pulsatlng component of the radl—

ation, One may thlnk of .a varlety of processes capable of

generating‘pulsations ln the longowavelength band of the spectrum.

fhe'fundamental‘problem, however, lS to expla:n the em1551on in

‘the X—ray band whlcn, by itself accounts for at least 99 percent

of the pulsatlng power, as already noted Inrthis‘portion of

Voo L : T ' Lo o
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the'spectruﬁ, it appears that the only‘effective emission

process is the lnteractlon of electrons w1th the magnetic

field. Thl§ process presupposes the ex1stence around the

" neutron star"of electrons with a sultable-energy distribution. .

Ih the frame of reference corotatihg with the star, the spatial
distribution of.the,electrohs‘muet be remarkablyvstable; i.e.,

the electroh Cloud‘must ccrotate rigidly with the star.

Furthermore'the:dietribution of the electrone inﬂvelocityiepace,

and the pattern of magnetic field‘lines;hmust be such as to

account for the‘aSSumed fan-shaped beams 0f the radiation.

i
i

&orotatwon can. only occur up to a maximum
|

distance of the Spln axis wherc the rotatlonal velozity becomes

Of course, rigid

‘equal to the ve1001ty of light (Gold, 1968). Wlth‘an'angu]ar‘
velocity of 190 sec”t, this distance amounte‘to 1.6 x 10° cm.
Note' that, if the magnetlc fleld resembles that of a dlpole, v

'and therefore varies as the 1nverse cube of the dlstance, 1ts

: 'magnltude at the "light c1rcle" 1n the equatorlal plane is

about 2,5 x 104 tlmes smaller than at the surface of the neutron
star.

'Of course,electrone“require a much emaller energy.to.radi—»
vate X- ra§ photons in the strong magnetlc fltld surroundlnq the
.neutron qtar than they do in the weak magnetlc field of the
‘cloud ,‘In thls connectlon 1t 1oA1mportant to keep in mind. that

5

"the motlon of electrons in the plane perpendlcurar to the
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magnetic field is actually quantized (Chiu et al., 1969).

In the subrelativistic region tﬁe.energy levels ere equi-
diStant with a separation Ae = hw/2m where w is the cyclotrok
frequency. With Ae measured in e.v. and the magnetic field in.
gauss, the following relation holds

»;Ae = 1.16 x 1078 B

If Ae is_very small oompared with the photon energy, quantum
'effeots‘are negiigible and the interaction‘of the electronse[
.with-the magnetic field may be described byhthe classical.
theory of méfdetio bremestrahlﬁng,>‘1h this'case tﬁe avérage
energy of the_radiated<photons is\much smaller than-the'electron‘
‘energy. If, however, Ae is close to the photon eneigy'then_the,
eﬁission occurs via a process eimiiar tovan atoﬁicvéuantum
transition between two'bound‘levels, and:the enetgy of the
'emitted photons»is egual to or a sizeablqcfractioh of.the elec-
troﬁ?energy.~ Eﬁen hard X-ray photons,-theﬁ, may be'ptoduced»by
subrelativistic electrons. o o
Quantlzed em1=51on in the X~ray band Lequlre¢ magnetlc
fields of the order of lOl' gauss or more. Whlle these fleldst
are not ruled out, it appears more llkely to the wrlter that'
X -rays are produced in a reglon of - lower magnetlc tleld in
which oase_relat1v1st;o electronseare'needed. vOne must théof
assume that electroﬁs afe first accelefated_tcnrelatiVistio;
but got necessafily extremely high energies, by the rotatlng

" neutron star. while in the v1c1n1ty of the star, they partake



- of itstrotation and generate the'pulsating component of the
‘radiation. They then diffuse into the surroundlng cloud,

where, after perhaps galnlng further enexrgy, they glve rise

to the steady radlatlon.

VI.

To summarize, the model developed,here pictures the Crab
\Nebula as a thin plasma cloud containing a weak nagnetic field,
with.a‘fasthotating strongly magnetized neutron star at its
‘center; The magnetization of the star does not have axial
symmetry with‘reSPect to the spin awis, so that the rotatinn
gives riSe to time—yarying_electromagnetic fields} which, in

S ome: way or another, are capable of accelerating electrons.‘ For

- a whlle these electrons remain wrthln the corotatlng magneto-

»

sPhere of the neutron star; where they glve rise to, fan shaned
corotatlng»beams of electromagnetlc radlatlon. Subsequently
theydiffusedintojthe surrounding}clond[ whereyoerhaps they
aconire fUrther-enerqy-hy a Fermi—type stochastic process.
Synchrotron emrssron by these electrons in the weak magnetlc
‘field of the cloud glves ‘rise to the steady flux of radlatlon.:‘
Presumably the klnetlc energy or rotatlon of the neutron
star was initially derlved from the conversron of some fractlon

of the grav1tatlonal energy released durlng the stellar collapse

follow1ng the supernova.exp1051on. .From the'tlme of 1ts blrth,

-the Crab Nebula has drawn froﬁ:the Lotatlng neutron star the



enexgy needed to preduee thevvariouS.kinds,ef'rays‘which‘it
‘has heenVPOuring out‘into,SPaCe. '

Whether or not'the general‘fé tures of this mode 1 wrll
survive future observatlons and future theoretlcal dlscu551ons

is still an.open question. Here the model is presented as a

i :
l

vorking hypothesis, that may be useful in suggesting further‘_
lines of investigation. From'the'theoretical point of view,

one of the ba51c problems ulclearly a quantltatlve analy51s.

'of the p0551b1e mechdnlsms for the acceieratlon of the electrono.
From the observational p01nt of view,it would be de31rable to
examine the polarlzatlon of the X—ray emlsSLOn in order to test
'~ the assumption that it originates from a‘synchrotron process.
.Furthermore.it”would'bevvery illuminating‘to-extend_thevobser~'
vations ef the steady and of therpulsating components of the>
electromegnetic snectrnm to considerably higher photon energies.
;Flnally we may hope that hlgh~resolutlon X-ray pictures of the
ACrab posulbly taken at different wavelengths,WLll furnish
important 1nformatlon.on the mecnan;sm respon51ble for che
acceleration of electrons andlhelp discover the regien,ef‘space

‘where this acceleration occurs.

TRen
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FIGURE CAPTIONS

- (a) Plcture of the Crab Nebula in "white llght"'

(taken through a polarord fllter), showrng the

ddlffuse lum1nosrty

;(b) Plcture of the Crab Nebula 'in Ha (taken through

‘an interference fllter),,show1ng.the filamentary

structure (Mt. Wilson and Palomar Observatories).

Observatlonal results on the locatlon and s12e of ;

the X-ray source in the Crab Nebula, superlmposed on .

‘a_photograph of the nebula 1n ordlnary light (from
" Oda et'al 1967) The data were obtained by Bowyer’

et‘al (1964b) who observed. the occultatlon of the

-Crab by the moon, and by Oda et al. (1967), usrng
. a modulation collimator, The arc marked "NRL 1964"

shows the position of the moon's limb at the time
when ‘it crossed the center of the K—ray source, as
given by Bowyer et al. The arc marked "NRL (Manley

‘ 1965)" shows ‘the same data, corrected for the motion
of the rocket during the experlment.. The 1ntersec—

tion of ‘the "preroll" and "postroll" 11nes is the’

- most llkely position of the center of the source,

as. determlned by Oda et al.; the ob“ervatlonal errors

- of thls determlnatlon are also 1nd1{ated - The: dotted

c1rcle represents the approx1mated dlmens1ons of the

~X—ray source.

. Stroboscoplc plctures of the stars ‘riear the center of
.the Crab, Nebula taken by J. s. Mlller and E J. Wampler'
-at the Lick Observatory. -The pulsar,appears-as the
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brightest bbject in the picture at the top; it‘
is nearly invisible in.the-picture'at,the bottom,

. The change in the apparent brightness is due to .
the gradual,phase change of the light pulses rela-
tive to the "open periods'" of thefstroboscopic disk |
(Lick,ObserVatory'photograph; see Miller‘gtval;} 1969) .,

'Fig. 4 . Average pulse shapes of the pulsar in the Crab
. | Nebula, as. observed on three dlfferent days and |
at three dlfferent radio frequenﬂles with the 1000-
foot antenna at the Arecibo Ionospherlc observatory,
(a) Nov. 14, 1968; 196.5 MHz; 18,000 pulses. (b)

Nov. 26 1968; 198 MHz; 21,153 pulses (c) Dec. 2,.
- 1968; 430 0 MHz; 53,427 pulses (From Comella et al |
1969). B ‘ |
‘Fig..5‘ 1.L1ght curves for the Crab pulsar in wh1te llght

‘Curve (a) sum of lOO 000 perrods‘( ) sum- of 30 000
“periods, taxen 3 1/2 hours earller The absc1ssa
phis channel number, each'channel being of 100 micro-
1second auratlon, the left-hdnd scale refers to curve

(a) and the rlght hand ‘scale to curve (b) (From

Warner .et al 1969) o |

“Eig; 6 (a)_"Soft" X-ray datd for the Crab pulsar obtalned
I durlng 150 sec of. the rocket fllght ‘carried out by
Bradt and hls co-workers on Aprll 27, 1969 The
‘detector was sens1t1ve to photons in the energy range
from 1.5 to 10 keV. Data were superlmposed by * lelulngvd
~each perlod 1nto 40 equal "blns"‘and dlstrlbutlng the
‘ fcounts 1nto these blns The 1nten51t1es represented
'.l‘by the areas under pea?s A and B-are 4.5% “and 4'6 .
respectlvely, of the total X-ray lntensnty from the
‘Crab ‘

: )



. Fig.

. Fig.
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: ;

(b) Optical data shown in Fig. 5, integrated into

',41‘?bins" for‘comparisoh-with‘the-X—ray data (From

Bradt et al., 1969).

"Hard X—ray data for the Lrab pulsal obtalned :
duiring the balloon fllght of May 10, 1269 by ‘
Floyd and hlS co-workers. The measurements cover
the energy range from 25 to 100 keV.“ The data are
divided into 30 "blns" (From Floyd et al , 1969).
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